The aim of this paper was to further broaden current knowledge of magnetic properties' dependence on welded steels' stress state. For this reason, commercial micro-alloyed steel was welded using tungsten inert gas as the welding technique. Magnetic stress calibration curve (MASC) was a useful laboratory tool for evaluating the material's residual stress distribution with the aid of magnetic permeability values. X-ray and neutron diffraction techniques were used for determining surface and bulk residual stress values, respectively. The overall measurement results have shown that the residual stress determined by the magnetic method was in good agreement with the diffraction results. In order to investigate the potential utilization of the magnetic method in evaluating residual stresses, the magnetic calibration curves of various ferromagnetic steels' grade were examined. The normalization of these curves revealed the existence of a unique curve, which suggested the existence of a universal relationship between the intrinsic magnetic properties and the internal elastic mechanical characteristics of steels. Further experimental investigations are required to validate the preliminary results and to verify the presence of a unique normalized magnetic stress calibration curve.
I. INTRODUCTION

S
TRESS concentration is considered to be the major cause of failure in steel structures and it is related to materials' degradation [1] . During common mechanical or metallurgical processes, the stress distribution profile is modified across the section thickness of the steel. The part of the remaining internal stresses, which is below the yield point is related to the residual stress. The presence of elastic stresses is inevitable and their quantitative determination is of crucial importance for monitoring steels' structure performance [2] , [3] .
In the literature, several publications have appeared documenting a variety of non-, semi-, and destructive techniques for evaluating macro-residual and micro-residual stresses in steel components [4] - [11] . Considering diffraction non-destructive techniques, such as X-ray diffraction (XRD) and neutron diffraction (ND) [4] , they are based on measuring diffraction peak's shifting under various orientations of the examined sample [2] - [6] . These techniques require the precise evaluation of the stress free value [4] . The XRD technique is suitable for analyzing residual stresses on the surface of the sample due to the shallow penetration of the incident beam [1] - [4] . ND may be considered as an appropriate technique for the bulk measurement of stresses in the three principle directions [5] , [6] . Several studies concerning inter-laboratory tests for evaluating residual stress values by XRD and ND techniques in welded steels have been reported [12] , [13] . The results followed a similar trend across the welding zones and the deviation between them was attributed to the different penetration depths of each diffraction technique. Non-destructive magnetic methods, such as Barkhausen noise and quasi-dc magnetic permeability, are based on the sensitivity of the magnetic properties to the material's stress state [9] - [14] . For the quantitative determination of the residual stresses, the magnetic stress calibration curve (MASC) of the examined ferromagnetic steels is required [12] , [13] .
In this paper, the residual stress distribution profile of a welded micro-alloyed ferromagnetic steel sample was evaluated using both the diffraction and the magnetic permeability techniques. In order to analyze the potential applicability of the magnetic method in determining residual stresses, the examined steel's MASC curve was compared with the calibration curves of different ferromagnetic steel grades. The measured values in these curves were on different scales. Thus, it was important to adjust the results to a common scale by developing the corresponding normalized curves.
II. MATERIALS AND EXPERIMENTAL PROCEDURE
The studied alloy was a typical commercial micro-alloyed Cr-Mo steel (AISI 4130), which is widely used within aircraft parts, due to its weldability. Its chemical composition was 0.28 wt% Si, 0.57 wt% Mn, 0.31 wt% C, 0.93 wt% Cr, 0.19 wt% Mo, 0.020 wt% S, and 0.020 wt% P and Fe in balance.
The dimensions of the as-received plates were 60 mm L × 200 mm W × 15 mm T . Prior to welding, surface oxides were removed by sandpaper. The joints between the two plates were produced by tungsten inert gas (TIG) welding process in butt configuration, with the welding direction being parallel to the rolling direction [ Fig. 1(a) See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. weld speed: 0.18 m/min) were carefully selected in order to produce full penetration welds, free of porosity and cracking [ Fig. 1(b) ]. Fig. 2 summarized the evaluation procedure of the residual stresses in the welded steel sample. This took place into two steps: the calibration of the AISI 4130 steel and the determination of the residual stresses across the welding zones by magnetic and diffraction techniques.
The magnetic permeability measurements were carried out with an in-house magnetic sensor [14] . The excitation coil of the magnetic permeability sensor [14] was generated by Measured magnetic permeability loops for AISI 4130 steel at maximum elastic stress level. a sinusoidal current of 0.1 Hz produced by a programmable function generator connected to a power amplifier. The output signal, induced at the ends of a sensing coil, was amplified and filtered (1-100 kHz bandpass filter), in order to remove lowfrequency interference and high-frequency harmonics. The real time magnetic measurement was controlled via a PC, in order to record both the excitation field and the output pulse. The recorded voltage yielded the magnetic permeability values (Fig. 3) [14] .
The determination of the residual stresses with the diffraction methods is, in general, not straightforward. Stress measurements were based on the determination of strain by measuring shifting of the crystal lattice angles of specific planes [4] , [12] , [13] . For the XRD measurements, a Cr K α1 radiation scanned ferrite {100} planes at 2θ = 65°. Totally 11 tilt angles, varying from −45°to +45°, were recorded. In order to ensure a regularly shaped diffraction peak, 5°ψ-oscillation and three 1°ϕ-rotations were employed [12] - [14] . The selected parameters for neutron diffractometer were: 2θ = 65°, which corresponded to the (110) crystallographic plane of the ferrite, E = 225.5 GPa and ν = 0.28.
By recording strain and permeability values during elastic tensile and compressive loading tests, the calibrating magnetic permeability versus stress curve was obtained (Fig. 4) . For reasons of comparison, the MASC curves of various Cross-plotting of the residual stress measurements by magnetic permeability, XRD, and ND on welded AISI 4130 sample.
grades of ferromagnetic steels were plotted in Fig. 4 , against the same vertical and horizontal axis range.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Magnetic permeability values and neutron diffraction and XRD results were cross-plotted into the same graph (Fig. 5) . The heterogeneous distribution of the stresses indicated that the variations of temperature were significant during the welding. The inverse bell shape of the stress profile verified this suggestion. Compressive stresses at the fusion zone were counter-balanced by the tensile ones in the heat affected zone and the base metal.
Comparing the residual stress profiles, it was clearly seen that all methods followed a similar trend (Fig. 5) . However, the XRD method's results, presented deviations from the results of the neutron diffraction method and of the magnetic ones. This was attributed to the different penetration depth of each beam and to the phase transformations occurring at the welding zones (the non-destructive magnetic technique is very sensitive to the effects of the micro-structural changes) of the AISI 4130 steel [15] . The agreement between permeability and neutron diffraction results suggests a certain method for determining local stresses in steels and steel welds.
In order to analyze the potential applicability of the magnetic method in determining residual stresses, the AISI 4130 steel's MASC curve was compared with the calibration curves of different ferromagnetic steel grades (Fig. 3) , namely, non-oriented electrical steel (NOES), low carbon steel (AISI 1008) and ultra-high strength-carbon steel (TRIP 800). All MASC curves obtained so far were sigmoidal and unique for each steel grade and therefore could be used as calibration curves.
During the compression test, the Baushinger effect (BE) was observed. This softening mechanical effect, served to reduce the metal's flow stress in reverse loading, resulting in the reduction of the material's resistance in compressive deformation [15] - [19] . All compression curves were round-shaped and reflected the significant variations of the BE behavior. The NOES steel sample exhibited a weak BE behavior. On the contrary, the BE in the AISI 1008 and AISI 4130 steels was more pronounced than that of the single-phased NOES sample. Nevertheless, their stress-strain curve responses, during reversal loading, were different. Thus, the sigmoidal curves were not symmetric. However, further research is necessary in order to accurately evaluate the proposed behavior.
The similarities of the curves suggested the existence of an underlying universal curve [14] . To illustrate this, residual stress values were normalized against the yield stress values of each sample and the measured magnetic permeability values were normalized against the maximum permeability value. Indeed, all normalized calibration curves (Fig. 6 ) coincided into a unique curve.
These preliminary results have to be confirmed for more grades of steels, in order to verify the existence of a unique curve. Such a result would suggest the existence of a universal relationship between the intrinsic magnetic properties and the internal elastic mechanical characteristics of steels.
IV. CONCLUSION
The overall preliminary results have shown that the residual stress determined by the magnetic method was in good agreement with the diffraction ones. The most significant results can be summarized as follows:
1) The magnetic method required a precise calibration procedure in order to determine residual stresses in welded steels. 2) The magnetic method results were in good agreement with the diffraction results and followed a similar trend. 3) Further laboratory tests are necessary, in order to verify the applicability of the permeability methods in determining residual stresses and confirm the existence of a unique normalized MASC curve.
